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The spin noise in singly charged self-assembled quantum dots is studied theoretically and experi-
mentally under the influence of a perturbation, provided by additional photoexcited charge carriers.
The theoretical description takes into account generation and relaxation of charge carriers in the
quantum dot system. The spin noise is measured under application of above barrier excitation for
which the data are well reproduced by the developed model. Our analysis demonstrates a strong
difference of the recharging dynamics for holes and electrons in quantum dots.
Introduction. Carrier spins localized in low-
dimensional semiconductor nanostructures are currently
one of the most promising objects for potential applica-
tions in quantum information devices [1, 2]. In many
respects, the interest in these systems and, in particu-
lar, in carrier spins in quantum dots (QDs) as discussed
here, is associated with the observed long spin polariza-
tion lifetime and spin coherence time, caused by the rel-
atively weak coupling of the spin degrees of freedom to
lattice vibrations [3]. At the same time, the large optical
transition dipole moment and the interaction of orbital
and spin degrees of freedom provide an excellent platform
for coupling of spins to photons and make it possible to
control the spin state by ultra-fast optical or electrical
pulses [4].
Any practical realization based on such structures re-
quires detailed information on the interaction of the spin
system with its surrounding. It is highly desirable to get
access to this information without any additional pertur-
bation. As follows from the fluctuation-dissipation theo-
rem, the dynamics of the system can be extracted from
the spectrum of its fluctuations in thermodynamic equi-
librium without any deliberate external perturbation, see
Ref. [5]. An experimental possibility for such a measure-
ment is provided by the technique of spin noise spec-
troscopy [6, 7].
Experimental studies on singly charged (In,Ga)As QDs
using this technique have been performed by several
groups [8, 9]. In particular, it was shown, that the nuclear
surrounding has a strong influence on the spectral re-
sponse for both types of carriers, electrons and holes [10].
The nuclear effects can be suppressed by a longitudinal
external magnetic field, that stabilizes the carrier spin
and decouples it from the nuclear bath [11, 12]. In all of
these studies special care was taken to be as close as pos-
sible to the non-perturbative regime with the laser excita-
tion. This is particularly important in optical studies of
spin systems in semiconductors, for which even a tiny real
excitation of the sample, accompanied by photo-injection
of carriers, may drastically change the dynamics of the
spin subsystem. As a result, in presence of excitation,
the spin noise spectrum is, in general, no longer directly
related with any spin response function [13, 14]. Hence,
realization of a nonequilibrium spin noise situation de-
serves special attention and requires careful analysis.
In this paper we address theoretically and experimen-
tally the question how the additional perturbation of the
system by non-resonant excitation affects the noise signal
monitoring the ground state dynamics of carrier spins.
We develop a minimal theoretical model, which describes
the spin noise in non-equilibrium. The theoretical pre-
dictions are confirmed by the experiments. As a pertur-
bation we use an above barrier excitation by a continuous
wave laser, which injects additional carriers into the sys-
tem.
Theory. The aim of the model is to describe the spin
noise in an ensemble of QDs under non-resonant excita-
tion. The QDs are singly charged with an electron or
heavy hole. In both cases the ground state, |g〉, is two-
fold degenerate with respect to the spin projection along
the growth axis z. The non-resonant excitation can result
in (i) formation of a doubly-charged state if, e.g., one of
the photocreated carriers is trapped outside the dot while
the second one relaxes into the dot; (ii) formation of an
exciton; (iii) formation of a charged exciton (trion). We
neglect the contribution of the excited states to the noise
signal. Indeed, for doubly-charged states the total spin
is zero so that these states play no role at all. For the
exciton state the optical resonance energy is quite dif-
ferent from the probe photon energy in continuous wave
measurements. For the sake of simplicity we also neglect
the contribution of the trion states to the noise signal, as-
suming them weakly populated during the measurement
time. As a result, only the resident carrier contributes to
the spin noise, while the excited states can be treated as
a reservoir.
Optical pumping leads to excitation of the QD from
the ground state, |g〉, to the reservoir of excited states,
|exc〉. We present the minimal model and abstain from
the microscopic description of carriers’ photogeneration
and diffusion to the quantum dots and of quantum dot
recharging. These processes are accounted for by two
phenomenological parameters: the generation rate G and
the recombination (recharging) rate R, which describes
the transitions from the excited back into the ground
state, see Fig. 1. We assume that both rates, G and
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2Figure 1. Scheme of the transitions between ground, |g〉, and
excited, |exc〉, states in the quantum dot and the spin relax-
ation processes in both states. The thick solid and dashed
arrows show the spin projection, Sg,excz , in the ground and
excited states, respectively.
R, are spin conserving and do not depend on the spin
orientation of the resident charge carrier. The occupancy
of the quantum dot ground state, ng, obeys the kinetic
equation
dng
dt
= −Gng +Rnexc, (1)
where nexc = 1−ng is the occupancy of the excited states.
In steady state one finds
ng =
R
R+G
. (2)
In what follows the recombination rate R is kept con-
stant and the generation rate G is taken to be directly
proportional to the pump power.
On average the spins of electrons and holes in the quan-
tum dots are not polarized. The nonequilibrium spin
noise is described by the matrix of correlation functions
of the spin fluctuations in the ground, δSgz , and in the
excited, δSexcz , states [13]
M(τ) =
( 〈δSgz (t+ τ)δSgz (t)〉 〈δSgz (t+ τ)δSexcz (t)〉
〈δSexcz (t+ τ)δSgz (t)〉 〈δSexcz (t+ τ)δSexcz (t)〉
)
.
(3)
Here the angular brackets denote averaging over t at a
fixed τ .
The electron and hole spin decoherence in quantum
dots at cryogenic temperatures is usually governed by
the hyperfine interaction with the host lattice nuclei. In
n-type quantum dots, it results in a spin noise spec-
trum consisting of two peaks, one at the characteristic
electron precession frequency in the field of nuclear spin
fluctuations and one at ω = 0, related with the electron
spins oriented parallel to the nuclear spin fluctuations.
In p-type quantum dots, due to the hyperfine interac-
tion anisotropy the spin noise spectrum is mainly concen-
trated at ω = 0 [15]. Here we focus on the zero-frequency
peak in the spin noise spectrum, which can be easier ac-
cessed experimentally due to the limited detection range.
This peak has a Lorentzian shape and can be described
by a relaxation time, which is not related with the spin
precession in the Overhauser field.
Bearing in mind these limitations, the matrix M(τ)
for τ > 0 obeys the kinetic equation
d
dτ
M(τ) +
(
G+ 1/τgs −R
−G R+ 1/τexcs
)
M(τ) = 0, (4)
where τgs and τ
exc
s are the spin relaxation times in the cor-
responding states, as sketched in Fig. 1. Note that since
the excited states are treated as a large reservoir, τexcs
is the effective phenomenological spin relaxation time in
the excited states. For example, it can account for the
recombination processes without spin conservation.
The initial conditions for the matrixM(τ) follow from
the single time correlators〈
(δSgz )
2
〉
=
ng
4
,
〈
(δSexcz )
2
〉
=
nexc
4
, (5)
and 〈δSgz δSexcz 〉 = 0. Thus, Eq. (4) can be readily solved,
and the spin noise spectrum
(
δS2z
)
ω
can be found in the
standard way as the Fourier transform of the correlator
〈δSgz (t+ τ)δSgz (t)〉 [13, 14, 16].
Provided the recombination rate is faster than the spin
relaxation rates, R−1  τg,excs , we arrive at the spin
noise spectrum in the ground state of a single QD, cf.
Refs. [13, 17]:
(
δS2z
)
ω
=
n2g
2
τ∗s
1 + (ωτ∗s )2
+
ngnexc
2
R+G
(R+G)2 + ω2
, (6)
where we have introduced an average spin relaxation time
τ∗s according to
1
τ∗s
=
ng
τgs
+
nexc
τexcs
. (7)
The spectrum consists of a pair of Lorentzian peaks cen-
tered at zero frequency. The peak, described by the sec-
ond term of Eq. (6) is related to the fast generation-
recombination processes. It is much wider than the other
one, and expected to be beyond the frequency range in
the measurements. Thus the area of the spectrum ∝ n2g
and with an increase of the pumping rate G decreases
faster than the occupancy of the ground state. The width
of the spin noise spectrum is the weighted average of the
spin decay rates in the ground and the excited states. In
the following, we test the theoretical predictions experi-
mentally.
Setup and samples. The experimental setup and sam-
ples are presented in detail in the Ref. [12]. Here we
shortly recapitulate important characteristics of the sam-
ples and the setup and complete the description. We
study QD ensembles, where the resident carriers are rep-
resented either by holes or by electrons. Both samples
contain 20 layers of MBE-grown (In,Ga)As/GaAs QDs
separated by 60 nm GaAs barriers. The QD density is
n = 1010 cm−2 per layer. The p-doped sample was not
intentionally doped, but has a background level of p-type
3doping due to residual carbon impurities in the growth
chamber. The n-doping was obtained by incorporating
δ-sheets of Si dopants 20 nm below each QD layer, with
the dopant density roughly equal to the QD density. The
samples are mounted on the cold finger of a liquid He-
lium flow cryostat, and cooled down to a temperature of
5 K.
In order to detect the spin fluctuations we measure the
noise of the polarization plane rotation of the probe beam
transmitted through the sample. The linearly polarized
probe light is taken from a tunable continuous wave (cw)
Titanium-Sapphire ring laser emitting a single frequency
laser line with a linewidth ¡ 10 MHz. The laser is then
guided through a single mode optical fiber for spatial
mode shaping (TEM00). After a Glan-Taylor polarizer
providing a linear extinction ratio of 105, the beam is
transmitted through the sample. The probe laser power
density at the sample was fixed at a level of 45 W/cm2
(1 mW with 53µm spot diameter), which was selected
as a compromise between signal level above shot noise
versus perturbation of the system caused by the laser.
For the n-doped sample we use the probe wavelength
of 889 nm and for the p-doped sample of 895 nm within
the ground state absorption bands, which correspond to
the spectral positions of maximum spin noise signals, see
Ref. [12].
Detection of the Faraday rotation noise is done with
a standard polarimeter, consisting of a Wollaston prism
and a broadband optical balanced detector with the
bandwidth of 100 MHz (Femto HCA-S) [18]. The out-
put of the detector is amplified and low-pass filtered
at 60 MHz to avoid undersampling, and then sent to
the input of a digitizer with the incorporated field pro-
grammable gate array for real time Fast Fourier Trans-
form computation.
In order to remove the spin-independent contribution
from the overall photon shot noise and the intrinsic elec-
tronic noise, the spin noise measurements were inter-
leaved between two magnetic fields: zero field and the
Bx = 100 mT in Voigt geometry for shifting the Larmor
precession peak out of the detectable bandwidth. Sub-
traction of both spectra then yields the pure spin noise
contribution. To account for the frequency dependent
sensitivity of the diodes we normalize the spectra by the
photon shot noise power spectra.
Further, we provide above barrier excitation by a cw
diode laser operating at the wavelength of 785 nm (pump
laser). The laser is linearly polarized and directed to the
sample at small angle relative to the probe beam. At this
wavelength it is completely absorbed in the bulk of the
sample, so that no pump light exits the sample. The laser
is not focused by any lens and its spot size is measured
to be 1.2 mm. So the pump spot at the sample is much
larger than the probe spot, which allows us to have good
homogeneity of the excitation in the probed area.
Experimental results. Figure 2 presents measured spec-
tra for the n- and p-doped samples at B = 0 for zero and
nonzero pump power. The observed phenomenology is
Figure 2. Spin noise spectra in units of photon shot noise
(PSU) with and without additional above barrier excitation,
as indicated in the figure, measured in (a) n-doped and (b) p-
doped sample. The red dashed lines show Lorentzian fits.
overall the same for both types of samples: The spectral
noise area decreases and the half width at half maximum
(HWHM) of the peaks increases with increasing power
density. The frequency dependence of all spectra closely
follows the Lorentzian form, as demonstrated by exem-
plary fits shown by the red dashed lines. This indicates
that the features in the spin noise spectra that are re-
lated to the spin precession in the Overhauser field are
beyond the detection range, in agreement with the model
assumptions.
The spin noise signal in all cases decays within 60 MHz
range down to the shot noise level, so that we limit our
fit to this range. From the Lorentzian fit we extract the
characteristic parameters of the peak: the full spectral
area and the HWHM. These data are presented in the
Fig. 3. The areas are very different at zero pump power
for the electron and hole doped sample which is related
to two factors: (i) most of the spin noise power for the n-
doped sample is concentrated outside the zero frequency
peak and (ii) the concentration of charge carriers and the
optical transition dipole moment are somewhat larger for
the p-doped sample [12].
The power dependence of the area for both carrier
types could be related to the capture efficiency of ad-
ditional carriers into the QDs. For example, let us con-
sider the n-doped QD: Due to a capture process a singly
charged QD becomes either populated by two electrons
forming a singlet state, which does not produce noise
signal, or by an exciton, once a hole is captured. If the
electron-hole complex forms a bright exciton, it has a re-
combination time of about 400 ps [19], which is outside
of the detection bandwidth of the current setup. If the
exciton is in the dark state, the recombination times can
reach several microseconds and could in principle con-
tribute to the signal if the times do not exceed 10 mi-
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Figure 3. (a) The area under the SNS in photon shot noise
units as function of pump density for n-doped (green points)
and p-doped (black points) samples. (b) Half width at half
maximum of the spin noise spectrum. The measurements are
repeated 3 times at each pump power, which leads to the
presented error bars. The red solid lines are fits by Eq. (6),
see the main text for the details.
croseconds, the upper limit of our setup. However, the
exciton resonance frequency for the considered quantum
dot is significantly different from the trion frequency, so
that in any case the formation of excitons in the QD
effectively switches off its contribution to this noise, in
agreement with the theoretical model. In (In,Ga)As QDs
the energy difference between the exciton and trion tran-
sitions is usually at the level of several meV [20], while
the homogeneous linewidth, which is relevant for the spin
noise, is at the order of several µeV [21–23] at temper-
atures of a few K. Below we show how a difference in
the HWHM can be related to differences in the carrier
generation and/or relaxation kinetics.
Discussion. Figure 3 shows fits to the areas and the
widths of the spin noise spectra for the two studied sam-
ples after the theoretical model presented above. The
area is assumed to be proportional to n2g, see Eqs. (2)
and (6), and the HWHM is given by Eq. (7). Note
that the generation and recombination rates cannot be
separately determined from the fit, but only their ratio,
G/R, which describes the spin noise spectrum, can be ex-
tracted. As noted above, we assume the simplest model,
where the recombination rate does not depend on the
pump power, P , while the generation rate is linearly pro-
portional to it. More complicated dependencies can be
obtained by taking into account multiple excited states
and transitions between them, which is beyond the min-
imal model presented here [24].
From the fits we have determined the spin relaxation
times in the ground and excited states, as well as the con-
stant coefficient G/(RP ). The results are summarized in
Tab. I. For both samples the spin relaxation times in the
excited states are shorter than in the ground states, as
Table I. The parameters of spin and charge dynamics for the
n- and p-doped samples determined from the fits.
n-doped p-doped
τgs (ns) 200 200
τexcs (ns) 19 19
G/(RP ) (cm2/W) 10 1.9
expected. Therefore excitation of the QDs leads to short-
ening of the average spin relaxation time and broadening
of the spin noise spectra.
The spin relaxation times in the ground states are
somewhat shorter than the values measured in Ref. [12]
for the same samples. This is related to the higher probe
power density (45 W/cm2 vs. 1 W/cm2) as compared to
Ref. [12]. Interestingly the spin relaxation times for the
ground and excited states, independently determined for
the two samples, are almost identical within the experi-
mental accuracy. The spin relaxation in the ground state
in the absence of additional excitation increases with in-
creasing probe power faster for the n-doped sample than
for the p-doped [12]. As the probe powers used here are
quite large, we conclude that the spin relaxation time in
the limit of small probe power would be longer for the
n-doped sample.
The coincidence of spin relaxation times in the excited
states suggests that the loss of spin polarization is re-
lated to charge kinetics, e.g., to escape from the dot or
recombination with another carrier. The dynamics of
these processes can be similar for the two samples under
study. A detailed analysis of these processes is beyond
our model.
The main difference between the two samples is the
faster increase of the spin relaxation rate with increasing
pump power for the n-doped sample than for the p-doped
sample, as clearly seeing in Fig. 3(b). In detail, the ratio
of generation and recombination rates determined from
the fits is roughly five times larger. The generation is
related to the excitation of additional carriers and their
capture in the QDs, so that we expect the generation
rate to be similar for the two samples. Hence we con-
clude, that the recombination rate for the p-doped sam-
ple is larger. This can be related to the smaller spacings
between the size-quantized levels for holes than for elec-
trons [25].
We note that the nominally n-doped sample contains a
fraction of positively charged QDs [12]. Provided that the
spin relaxation for holes is faster than for electrons, the
HWHM can be determined by the corresponding short-
est time even for a small fraction of positively charged
QDs. An increase of the pump power accelerates the spin
relaxation which does not change the situation. There-
fore the similar spin relaxation times in the ground and
excited states for p- and n-doped samples can be alter-
natively explained by the small concentration of holes in
the nominally n-doped sample.
Conclusion. We have studied the spin noise in ensem-
5bles of charged QDs in strong nonequilibrium conditions,
when nonresonant excitation provides additional carri-
ers. The proposed minimal four level model, which takes
into account the excitation and recombination dynam-
ics, allows for the analytical description of the spin noise
spectra. We have found that the excitation leads to a
decrease of the spin noise power and a broadening of the
spectrum. The theoretical predictions are supported by
the experimental measurements of n- and p-type QDs in
presence of above barrier excitation. From the fit of ex-
perimental data the parameters of spin relaxation in the
ground and excited states have been determined and the
excitation-recombination dynamics have been analyzed.
Qualitatively, the behavior of the p- and n-type samples
is the same, the main quantitative difference is dictated
by the difference in the recharging rates of the dots.
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